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Abstract 

Background: Radioactive sources and fixed or mobile X-ray equipment are used for both process 
and quality control in the metallurgical and fertilizer industries. Workers in the nuclear industry are a 
suitable sector of the populace for the direct estimation of radiation effects at low doses as they are 
typically monitored and restricted to effective doses of 100 mSv every 5 years. A dose-related 
increased mortality from circulatory diseases has been observed in some studies of nuclear industry 
workers, but it is unclear whether this reflects a real effect of radiation exposure or a spurious one. 
The aim of the present study was to detect the circulating endothelial progenitor cells (EPCs) in the 
peripheral blood and the frequency of micronuclei (FMN) among industrial radiographers 
occupationally exposed to ionizing radiation at the Steamer’s Welding Company and EL Nasr 
Company for the manufacture of Fertilizers and Chemicals in Suez and Talkha, Egypt. 

Material and Methods: Venous blood samples were obtained from 30 industrial radiographers 
exposed to x-rays during industrial procedures vs. 20 persons not exposed to ionizing radiation as 
control subjects. Blood samples were assayed for total and differential blood counts and cell 
phenotype of circulating EPCs, whose surface markers were identified as CD34, CD133 and kinase 
domain receptor (KDR), frequency of chromosomal aberrations (FCA), apoptosis percentage in 
circulating lymphocytes together with plasma stromal cell derived factor-la (SDF-1a) and vascular 
endothelial growth factor (VEGF). 

Results: The results of this study revealed a significant increase in FCA with respect to total number 
of dicentrics (0.09 + 0.03 vs. 0.0005 + 0.0001) and rings (0.01 + 0.0012 vs. 0) together with apoptosis 
percentage (7.3 + 2.8 % vs. 2.4 + 1.5 %) among industrial radiographers compared to control subjects 
respectively, indicating radiation exposure among such workers. Also a significant increase was 
observed in plasma SDF-1a (2750 + 370 vs. 2270 + 430 pg/ml), VEGF (157.9 + 16.9 vs. 137.5 + 12.6 
pg/ml) among industrial radiographers compared to control subjects. Percentage of circulating 
mononuclear cells expressing CD34 (53 + 3.9 vs. 54.2 + 10.6/ 10° mononuclear cells), CD133 (82.4 + 
4.8 vs. 54.2 + 10.6/ 10° mononuclear cells) and KDR (48.7 + 12.5 vs. 43.5 + 8.2/ 10° mononuclear 
cells) was significantly higher among industrial radiographers compared to control subjects. 
Conclusion: It is concluded that the industrial radiographers have increased numbers of circulating 
EPCs and increased levels of SDF-1 and VEGF, which denotes an increased capacity for tissue repair. 
Keywords: Endothelial progenitor cells, apoptosis, stromal derived factor-la, Industrial 
Radiographers, Ionizing radiation. 


Introduction 

Industrial radiography is the process year © ®, Although a causative link has long 
of using either gamma-emitting radionuclide been established between exposure to ionizing 
sources or X-ray machines to examine the radiation and the risk of mortality from many 
safety of industrial materials. Industrial forms of cancer ®, there has been emerging 
radiographers are among the radiation workers evidence of excess risk of cardiovascular 
who receive the highest individual disease at much lower radiation doses that 
occupational radiation doses © ”. Those occur a long time after radiation exposure © ® 
workers who are at risk for repeated radiation and in various occupationally-exposed groups 
exposure, are typically monitored and 1) although not in all “”. 
restricted to effective doses of 100 mSv every 
5 years (i.e. 20 mSv per year), with a Atherosclerosis is the most common 
maximum of 50 mSv allowed in any given pathological process that leads to coronary 


heart disease and stroke. It is a disease of large 
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and medium sized arteries that is characterized 
by the formation of atherosclerotic plaques 
consisting of necrotic cores, calcified regions, 
accumulated modified lipids, inflamed smooth 
muscle cells (SMCs), endothelial cells (ECs), 
leukocytes, and foam cells “*. Though 
previously initiation of atherosclerosis was 
attributed mainly to lipid accumulation within 
the arterial walls, it is now widely accepted 
that inflammation plays a vital role in the 
initiation and progression of the disease ‘'*!”, 
Elevated levels of the pro-inflammatory 
cytokines IL-6, CRP, TNF-a and INF-y and 
also increased levels of the anti-inflammatory 
cytokine IL-10, have been observed in the 
Japanese atomic bomb survivors “'* 1, 


Recent studies have identified 
populations of multipotent progenitor cells ©” 
and immature hematopoietic endothelial cells 
from adult stem cells called endothelial 
progenitor cells (EPCs) that circulate in 
peripheral blood °. EPCs counteract ongoing 
risk factor-induced endothelial cell injury, and 
in response to acute hypoxia are mobilized 
from bone marrow to peripheral blood and 
participate in endothelial cell repair, 
regeneration and also in tissue 
neovascularization Experimental and 
human studies have shown that EPCs 
participate in neovascularization processes in 
ischemic organs ©% 79, Increased 
cardiovascular risk factors and the presence of 
atherosclerosis are associated with dysfunction 
and reduced numbers of EPCs “ 7%, 
Moreover, a low number of EPCs is an 
independent risk factor for future 
cardiovascular events °° ?”, Recruitment of 
EPCs from remote locations such as the bone 
marrow into ischemic areas is promoted by the 
chemokine Stromal derived factor-la (SDF- 
la) CS 7, which has been shown to be up 
regulated in many damaged tissues as part of 
the injury response °° and subsequently 
contributes to ischemic neovascularization in 
vivo by augmenting EPC recruitment to 
ischemic sites 6”. 


(22) 


No study has investigated EPCs nor 
SDF-1 a in the blood of radiation exposed 
workers. Thus, the aim of the present study 
was to investigate EPCs and plasma SDF-1 a 
in the peripheral blood of workers exposed to 
radiation, in order to determine if such cells 
are mobilized due to radiation exposure. 
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Concurrently, the frequency of occurrence of 
micronuclei (MNs) in dividing cells, which 
originate from chromosome breaks or whole 
chromosomes that fail to engage with the 
mitotic spindle when the cell divides ©?” has 
recently been endorsed by the International 
Atomic Energy Agency as one of the main 
cytogenetic methods for assessing 
chromosome damage after radiation accidents 
and as a biological dosimeter of radiation 
exposure 3° Since DNA aberration is 
considered to be the main initiating event by 
which radiation damage to cells results in 
development of cancer and hereditary disease, 
the present study will also assess the effects of 
chronic low-dose X-ray radiation exposure on 
the MN frequency in the subjects participating 
in this study. 


Subjects and Methods 

Venous blood samples were obtained 
from 30 industrial radiographers belonging to 
the study group going to the medical clinic of 
the National centre for radiation research and 
technology. They included 12 technicians 
working at the Steamer's Welding factory who 
were exposed to x-ray irradiation and 18 
technicians working at El Nasr Company for 
the production of fertilizers who were exposed 
to ;92lr sources and to natural 32P used in the 
preparation of these fertilizers. Exposure doses 
were indicated by radiation protection 
personnel to be within the normal permissible 
limits. The mean age was 44.5 + 5.2 and the 
period of occupational exposure was 17.32 + 
5.7 years. All participants were subjected to 
medical examination and underwent routine 
hematological tests and biochemical 
investigations to evaluate their state of health. 
No deviations in the basic laboratory tests, no 
infections during the last three months before 
the study and no acute or chronic diseases 
were found. Their socioeconomic statuses 
were similar. Subjects who showed any 
deviation from normal blood counts and 
biochemical standard values were previously 
segregated from the study. The study 
population included non-smoking subjects 
who had not contracted an infection during the 
last 3 months and had no medical complaints 
or clinical symptoms. 


The control subjects included 20 
healthy non-smoking males not exposed to 
ionizing radiation whose mean ages were 43.8 
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+ 4.5. Control subjects enlisted for this study 
also had not contracted any infection during 
the preceding 3 months and had no medical 
complaints or clinical symptoms. Their routine 
laboratory tests were normal. 
The Frequency of Chromosomal 
Aberrations (CA): 

Two separate cultures from each 
sample were set up by mixing 0.3 ml of whole 
blood with 4.7 ml of RPMI 1640 medium; 
cultures were incubated at 37°C and 5 % CO2 
for 72 hours and colchicine was added (6 
ug/ml) 3 hours before the termination of 
culture. Cells were then harvested and fixed 
according to the standard method used in the 
laboratory ©”. For each sample, 100 
metaphase cells were examined using an 
optical microscope (magnification x400) °*. 


Quantification of VEGF and SDF-1a: 

The plasma levels of SDF-la and 
VEGF were measured using the sandwich 
ELISA technique according to the instructions 
of the manufacturer (R&D Systems). 
Absorbance at 450 nm was determined by an 
automated ELISA reader (Dynatech MR5000). 
The results were expressed in pg/ml. 


Flow Cytometry for Circulating Progenitor 
Cells: 

To quantify EPCs in circulation, 
peripheral mononuclear cells were first 
isolated from the EDTA blood samples by 


Ficoll density-gradient centrifugation 
(Biochrom AG- Germany). The isolated cells 
were labeled with the R-phycoenythrin (PE)- 
conjugated CD133 antibody (MACS Milteny 
Biotech), Fluorescein isothiocyanate (FITC)- 
conjugated CD34 (MACS Milteny Biotech), 
and allophycocyanin (APC)-conjugated KDR 
(R&D systems). The stained cells were 
washed with PBS/BSA and then circulating 
EPC numbers were determined by 
fluorescence-activated cell sorting (FACS) 
analysis °°4, Data expressed the number of 
EPCs per 10° mononuclear cells. 


Apoptosis assessment: 

For the evaluation of apoptosis, 
lymphocytes were isolated using Histopaque- 
1077 solution, fixed with 70% ethanol for 1 
hour and inspected by the fluorescent 
microscope after being incubated for 15 
minutes at 37°C with 10-ug RNA-ase enzyme 
and stained with 10 ug propidium iodide and 
fluorescein diacetate “”, 


Results 

Results of this study showed an 
increase in the total percentage of all types and 
frequencies of chromosomal aberrations, 
including dicentrics, rings, gaps, acentrics, 
chromosome and chromatid breaks among 
both groups of industrial radiographers when 
compared to the control subjects (table 1 & 
figures 1& 2). 


Table 1: Cytogenetic Analysis of the Frequency of Chromosomal Aberrations. 




















Subjects Chromosome Chromatid Acentrics | Dicentrics | Rings | Gaps | Total 
Breaks Breaks Aberrations 

Controls 0.015 0.016 0.004 0.0005 0.00 0.015 | 0.050 

(n=20) 

Fertilizers 0.033 0.038 0.078 0.077 0.0026 | 0.057 | 0.286 

manufacture 

workers (n=18) 

Steamer’s 0.28 0.034 0.047 0.0137 0.0075 | 0.065 | 0.195 

welding factory 

workers (n=12) 

Total 0.328 0.088 0.129 0.09 0.01 0.137 | 0.531 























*Each value represents the frequency of chromosomal aberrations per 100 cells examined among workers 


exposed to radiation and the control group. 
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Fig (1): The frequency of chromosomal aberrations (expressed as number of aberrations per 
100 cells) among workers exposed to radiation and the control group. 





Fig (2): A metaphase spread of a lymphocyte from blood of an industrial radiographer 
showing a dicentric chromosomal aberration. 

Stromal cell derived factor-1a (2750 + 370 vs. 2270 + 430), VEGF (157.9 + 16.9 vs. 137.5 + 12.6) and 
apoptosis percentage (14.3 + 4.8 vs. 2.4 + 1.5) were significantly higher among industrial radiographers 
compared to the control subjects (table 2). 





Table 2: Plasma SDF-1a, VEGF and apoptosis percentage among industrial radiographers 
compared to control subjects. 


























SDF-1 a VEGF Apoptosis % 
(pg/ml) (pg/ml) 
Cases (n=30) 2750 + 370 | 157.9+ 16.9 7.3 + 2.8 % 
Control Subjects (n=20) 2270 + 430 | 137.5 + 12.6 2.4 1.5 % 
P value p<0.05 p<0.001 p<0.0001 





*Each value represents mean + standard deviation (SD). 

A significant increase in cells expressing CD 34 (53 + 3.9 vs. 48 + 4.5 cells/10° mononuclear cells), 
CD 133 (82.4 +4.8 vs. 54.2 + 10.6 cells/10° mononuclear cells) and KDR cell numbers (48.7 + 12.5vs. 43.5 + 
8.2 cells/10° mononuclear cells) was observed in industrial workers compared to the control subjects (table 3). 
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Table 3: Endothelial progenitor cell surface markers per 10° mononuclear cells in the blood of 
industrial radiographers compared to the control subjects. 























CD34 CD133 KDR 
Cases (n=30) 53 43.9 82.4 +4.8 48.7 + 12.5 
Control Subjects (n=20) 48 + 4.5 54.2 + 10.6 43.5+8.2 
P value p<0.0001 p<0.0001 p<0.01 











*Each value represents mean + standard deviation (SD). 


Discussion 


Workers in the nuclear industry are a 
suitable sector of the populace for the direct 
estimation of radiation effects at low doses: 
they form large, relatively stable populations 
with relatively well-measured and well- 
recorded external radiation doses. Large 
studies of combined cohorts of nuclear 
workers have previously reported no radiation- 
related excess in mortality from non-cancer 
diseases in these study groups “> *. A dose- 
related increase in mortality from circulatory 
diseases has been observed in some studies of 
nuclear industry workers “?: *® but it is unclear 
whether this reflects a real effect of radiation 
exposure or a spurious one “®, Exposure to 
low dose ionizing radiation, which has been 
shown to induce apoptosis in macrovascular 
and microvascular human endothelial cells “° 
and also infra-red treated peripheral blood 
mononuclear cells (PBMCs) interfere with 
endothelial cell viability and proliferative 
repair capacity “”. Hence, this study was 
aimed at measuring the levels of some of the 
markers (recently implicated to be linked to 
atherosclerosis) among the industrial 
radiographers included in the study. These 
markers included circulating EPCs, VEGF and 
SDF-1 a, which have recently been established 
as specific and sensitive markers of 
endothelial activation and damage in a variety 
of vascular disorders “S 4”), 


One of the limits of this study was the 
unavailability of physical dosimetry. 
Therefore, biological dosimetry was 
performed with the aim of individual dose 
assessment ©&®. Biological dosimetry is based 
on the analysis of chromosomal aberrations on 
the hypothesis that dicentrics and rings are 
indicators of radiation exposure ©”), This study 
revealed that the technicians working with 
fertilizers exhibited the highest levels of 
frequency of chromosomal aberrations, where 
total FCA was 0.286 (range 0.02-0.29); 
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dicentrics were 0.077 (range 0.00-0.1) and 
rings were 0.0026 (range 0.002- 0.005). 
Steamer's Welding industry workers showed 
lower values, where total FCA was 0.195 
(range 0.03- 0.20), dicentrics were 0.0137 
(range 0.00- 0.014) and rings were 0.075 
(range 0.00-0.1). This showed that a greater 
effect of hazardous radiation exposure was 
demonstrated in the fertilizer industry workers 
compared to the welding industry workers. 
The cytogenetic study based on the frequency 
of chromosomal aberrations also revealed a 
significant increase in FCA in each of the two 
groups compared to that showed by the control 
subjects where dicentrics were 0.00051 (range 
0.00- 0.001), rings were 0 and total FCA was 
0.05 (range 0.00-0.06). This confirms what 
was previously reported by several authors ©” 
) who found a significant incidence of 
aberrations in workers exposed even to 
permissible limits of ionizing radiation. 
Results of the present study show a significant 
increase in the frequency of chromosomal 
aberrations among industrial radiographers 
compared to the control subjects. Several 
previous in vivo studies indicated that chronic 
low doses of ionizing radiation can lead to 
significant somatic DNA damage among 
industrial radiographers as measured using the 
CBMN assay °° 56 and 57), 


A significant increase in the apoptosis 
percentage in circulating lymphocytes was 
observed among both groups of industrial 
radiographers compared to the control 
subjects. In vitro studies have indicated that 
radiation-induced apoptosis in human 
lymphocytes has the kinetics, sensitivity, and 
reproducibility to be a potential biological 
dosimeter “ ©, A study by Ilyenko et al © 
performed on 83 peripheral blood samples 
from the Chornobyl clean-up workers, found 
shorter telemorase lengths in their peripheral 
blood lymphocytes compared to healthy 
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controls and this was associated with a higher 
susceptibility to apoptosis in these workers. 

Stromal cell derived factor-1a in this 
study was significantly higher amongst 
industrial radiographers compared to the 
control subjects. SDF-1 a is considered as a 
part of host defense processes that protect 
stem cells from DNA-damaging agents 
including ionizing radiation ©, Radiation has 
been shown to induce a dose-dependent 
increase in pro-angiogenic CXC and CXCR4 
chemokines. In contrast, angiostatic 
chemokines and apoptosis were induced at 
higher (20 Gy) radiation doses ©. SDF-1 a 
has been shown to be secreted by stromal and 
endothelial cells of many organs, suggesting 
that it is a pivotal regulator of trafficking of 
various types of stem cells in the body 
necessary for organ/tissue regeneration . It 
is suggested that SDF-1 a may be secreted by 
hematopoietic stem/progenitor cells and be 
involved in autocrine/paracrine regulation of 
their development and survival ©. However 
because a strong correlation exists between 
inflammation and tumor 
progression/metastasis, inflammation-driven 
expression of SDF-1 a may also play an 
important role in dissemination/metastasis of 
cancer stem cells ©. 


Endothelial progenitor cells in this 
study were significantly higher among 
industrial radiographers compared to control 
subjects. Animal studies have shown that 
infra-red irradiation increases stem cell active 
mobilization factors as it activates a novel 
pathway stimulating EC migration directly 


through the expression of SDF-1 a 
independent of HIF-la induction ©. It is 
hypothesized that infra-red irradiation 


improves mast cell migration into ischemic 
tissue and that mast cells express VEGF 
mRNA ©), Also overexpression of SDF1 a in 
the peripheral circulation results in the 
mobilization of progenitor and precursor 
hematopoietic cells with an increased 
repopulating capacity ©. Taking into 
consideration the latter information and the 
results of the present study that show 
increased plasma levels of SDF-1 a, there is 
no doubt that those EPCs are subsequently 
significantly increased. 


In conclusion, the present work has 
that occupational exposure to 
well within permissible levels, 


showed 
radiation, 
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leaves a genetic mark on the somatic DNA of 
industrial radiographers. On the other hand, 
exposure to ionizing radiation stimulates 
regenerative processes as indicated by the 
increase in EPCs, VEGF and SDF-1 a. The 
laborers who work as industrial radiographers 
should carefully follow radiation protection 
procedures and should minimize radiation 
exposure to avoid possible mutagenic effects. 
Routine biochemical and hematological 
investigations (including biological dosimetry) 
as well as nutritional status monitoring (that 
includes a high protein diet to improve tissue 
regeneration and antioxidants) ought to be 
carried out on a regular basis to detect as early 
as possible any adverse effects of ionizing 
radiation on the biological systems of the 
body. Workers affected by ionizing radiation 
should stay away from work for a specified 
period and should be monitored for any 
cardiovascular, acid base balance or nervous 
system reflexes disturbances. They should be 
given suitable treatment by the physicians 
following up their progress. 


References 


1) The 2007 recommendations of the 
International Commission on Radiological 
Protection: ICRP publication 103 (2007): 
Ann ICRP, 37(2-4):1-332. 

2) Wrixon AD(2008): New ICRP 
recommendations. J. Radiol. Prot., 28:161- 
168. 

3) Tian Y, Zhang L and Ju Y(2008): Dose level 
of occupational exposure in China. Rad. 
Prot. Dosimetry;;128(4):491-495. 

4) Howe GR, Zablotska LB, Fix JJ, Egel J and 
Buchanan J (2004): Analysis of the mortality 
experience amongst U.S. nuclear power 
industry workers after chronic low-dose 
exposure to ionizing radiation. Radiat Res, 
162:517—526. 


5) Muirhead CR, O'Hagan JA, Haylock RGE, 
Phillipson MA, Willcock T, et al (2009): 
Mortality and cancer incidence following 
occupational radiation exposure: third analysis 
of the National Registry for Radiation 
Workers. Br J Cancer, 100:206—212. 

6) Little MP, Gola A, Tzoulaki I (2009):A 
model of cardiovascular disease giving a 


plausible mechanism for the effect of 
fractionated low-dose ionizing radiation 
exposure. PLoS Comput Biol, 


5(10):e1000539. 
7) Yamada M, Wong FL, Fujiwara S, 
Akahoshi M, Suzuki G(2004): Non-cancer 


Tawfik M.S. et al 


disease incidence in atomic bomb survivors, 
1958-1998. Radiat Res. 161:622—632. 

8) Ivanov VK, Maksioutov MA, Chekin SY, 
Petrov AV, Biryukov AP, et al. (2006): The 
risk of radiation-induced cerebrovascular 
disease in Chernobyl emergency workers. 
Health Phys, 90:199—207. 

9) McGeoghegan D, Binks K, Gillies M, Jones 
S, Whaley S (2008): The non-cancer 
mortality experience of male workers at 
British Nuclear Fuels plc, 1946-2005. Int J 
Epidemiol., 37:506—518. 


10) Azizova TV, Muirhead CR(2009): 
Epidemiological evidence for circulatory 
diseases — occupational exposure. EU 
Scientific Seminar 2008. “Emerging 
evidence for radiation induced circulatory 
diseases”. Proceedings of a scientific 


seminar held in Luxembourg on 25 
November 2008. Radiat Prot., 158:33—46. 
Little MP, Tawn EJ, Tzoulaki I, Wakeford 
R, Hildebrandt G, et al(2008): A systematic 
review of epidemiological associations 
between low and moderate doses of ionizing 
radiation and late cardiovascular effects, and 
their possible mechanisms. Radiat Res, 
169:99-109. 

Vrijheid M, Cardis E, Ashmore P, Auvinen 
A, Bae J-M, et al (2007): Mortality from 
diseases other than cancer following low 
doses of ionizing radiation: results from the 
15-Country Study of nuclear industry 
workers. Int J Epidemiol, 1126-1135. 
13) Lusis A (2000): Atherosclerosis. 

407:233-241. 


11 


w 


12 


xw 


Nature, 


14) Ross R (1999): Atherosclerosis—an 
inflammatory disease. N Engl J Med. 
1999;340:115-26. 

15) Ross R (1995): Cell biology of 


atherosclerosis. Annual Rev Physiol, 57:791- 
804. 
16) Ross R. Atherosclerosis is an inflammatory 
disease (1999): Am Heart J. 138:S419-420. 
17) Hansson GK (2005): Inflammation, 
atherosclerosis, and coronary artery disease. N 
Engl J Med, 352:1685-1695. 
Hayashi T, Kusunoki Y, Hakoda M, 
Morishita Y, Kubo Y, et al (2003): Radiation 
dose-dependent increases in inflammatory 
response markers in A-bomb survivors. Int J 
Radiat Biol,79:129-136. 
Hayashi T, Morishita Y, Kubo Y, Kusunoki 
Y, Hayashi I, et al (2005): Long-term effects 
of radiation dose on inflammatory markers in 
atomic bomb survivors. Am J Med, 118:83- 
86. 
Cesselli D, Beltrami AP, Rigo S, Bergamin 
N, D'Aurizio F, Verardo R, Piazza S, Klaric 
E, Fanin R, Toffoletto B, Marzinotto S, 
Mariuzzi L, Finato N, Pandolfi M, Leri A, 
Schneider C, Beltrami CA, Anversa P 
(2009): Multipotent progenitor cells are 


18 


<~ 


19 


~ 


20 


~ 


277 


present in human peripheral blood. Circ 
Res, 104(10):1225-34. 

Asahara T, Murohara T, Sullivan A, Silver 
M, van der Zee R, Li T, et al.(1997): 
Isolation of putative progenitor endothelial 
cells for angiogenesis. Science, 275: 964—967. 

Hill JM, Zalos G, Halcox JP, Schenke WH, 
Waclawiw MA, Quyyumi AA, et al (2003): 
Circulating endothelial progenitor cells, 
vascular function, and cardiovascular risk. N 
Engl J Med, 348:593-600. 

Murohara T, Ikeda H, Duan J, Shintani S, 
Sasaki K, Eguchi H, et al (2000): 
Transplanted cord blood-derived endothelial 
precursor cells augment postnatal 
neovascularization. J Clin Invest, 105:1527— 
1536. 

Takahashi T, Kalka C, Masuda H, Chen D, 
Silver M, Kearney M, et al (1999): Ischemia- 
and cytokine-induced mobilization of bone 
marrow-derived endothelial progenitor cells 
for neovascularization. Nat Med, 5(4):434- 
438. 


21 


w 


22 


a 


23 


ma 


24 


~w 


25) Vasa M, Fichtlscherer S, Aicher A, Adler K, 
Urbich C, Martin H, et al (2001): Number 
and migratory activity of circulating 
endothelial progenitor cells inversely correlate 
with risk factors for coronary artery disease. 
Circ Res,89:E1—E7. 
Schmidt-Lucke C, Rössig L, Fichtlscherer 
S, Vasa M, Britten M, Kämper U, et al 
(2005): Reduced number of circulating 
endothelial progenitor cells predicts future 
cardiovascular events: proof of concept for the 
clinical importance of endogenous vascular 
repair. Circulation, 111:2981—2987. 
Taguchi A, Matsuyama T, Moriwaki H, 
Hayashi T, Hayashida K, Nagatsuka K, et al 
(2004): Circulating CD34-positive cells 
provide an index of cerebrovascular function. 
Circulation, 109:2972—2975. 
D. Ceradini, A. Kulkarni, M. Callaghan, O. 
Tepper, N. Bastidas, M. Kleinman, J. Capla, 
R. Galian, J. Levine and G. Gurtner(2004): 
Progenitor cell trafficking is regulated by 
hypoxic gradients through HIF-1 induction of 
SDF-1, Nat. Med, 10 : 858—864. 
K. Hattori, B. Heissig and S. Rafii (2003): 
The regulation of hematopoietic stem cell and 
progenitor mobilization by chemokine SDF-1. 
Leuk. Lymphoma, 44: 575-582. 
Askari, S. Unzek, Z. Popovic, C. Goldman, 
F. Forudi, M. Kiedrowski, A. Rovner, S. 
Ellis, J., P. DiCorleto, E. Topol and M. Penn 
(2003): Effect of stromal-cell-derived factor 1 
on stem-cell homing and tissue regeneration in 
ischaemic cardiomyopathy. Lancet, 362: 697— 
703. 
31) J. Yamaguchi, K. Kusano, O. Masuo, A. 
Kawamoto, M. Silver, S. Murasawa, M. 
Bosch-Marce, H. Masuda, D. Losordo, J. 


26 


~ 


27 


~w 


28) 


29) 


30 


~ 


~a 


~ 


pa 


~ 


~w 


~w 


wa 


~ 


~a 


wm 


Apoptosis, Cytogenetic and Endothelial Progenitor Cells... 


Isner and T. Asahara (2003): Stromal cell- 
derived factor-1 effects on ex vivo expanded 
endothelial progenitor cell recruitment for 
ischemic neovascularization, Circulation, 107: 
1322-1328. 

Fenech, M. (2002) Biomarkers of genetic 
damage for cancer epidemiology. 
Toxicology, 181-182, 411- 416. 

Fenech M (1981): Optimisation of 
Micronucleus Assays for Biological 
Dosimetry, in New Horizons in Biological 
Dosimetry (Gledhill, B. L., and Mauro, F., 
eds.), pp. 373-376, Wiley, New York. 

Maluf SW, Passos DF, Bacelar A, Speit G 
and Erdtmann B (2001): Assessment of 
DNA damage in lymphocytes of technicians 
exposed to X-radiation using the micronucleus 
test and the comet assay. Environ. Mol. 
Mutagen, 38, 311-315. 


Sari-Minodier I, Orsiere T, Bellon L, 
Pompili J, Sapin C, Botta A _ (2002): 
Cytogenetic monitoring of industrial 
radiographers using the micronucleus assay. 
Mutat Res, 521: 37-46. 


International Atomic Energy Agency 
(2001): Cytogenetic Analysis for Radiation 
Dose Assessment: A Manual. Technical 
Report Series No. 405. IAEA, Vienna. 

Fenech M and Morely A (1985): 
Measurement of micronuclei in lymphocytes, 
Mut. Res, 147: 29-36. 

Fenech M (1993): The cytokinesis-block 
micronucleus technique: A detailed description 
of the method and its applications to 
genotoxicity studies in human populations, 
Mut. Res. 285: 35-44. 

Duda DG, Cohen KS, Scadden DT and Jain 
RK (2007): A protocol for phenotypic 
detection and enumeration of circulating 
endothelial cells and circulating progenitor 
cells in human blood. Nat Protoc, 2: 805-810. 
Kim N and Wu F (1994): Advances in 
quantification and characterization of 
telomerase activity by the telomeric repeat 
amplification protocol (TRAP). Nucleic Acids 
Res, 25(13): 2595-2597. 


41) Ioannou Y and Chen F (1996): 


Quantification of DNA fragmentation in 
apoptosis. Nucleic Acid Research, 24(5): 992 
— 993. 

Muirhead CR, Goodill AA, Haylock RG, 
Vokes J, Little MP, Jackson DA, O'Hagan 
JA, Thomas JM, Kendall GM, Silk TJ, 
Bingham D and Berridge GL (1999): 
Occupational radiation exposure and mortality: 
second analysis of the National Registry for 
Radiation Workers. J Radiol Prot,19(1):3-26. 
Cardis E, Gilbert ES, Carpenter L, Howe 
G, Kato I, Armstrong BK, Beral V, Cowper 
G, Douglas A, Fix J, Fry SA, Kaldor J, Lave 


~w 


~ 


~w 


~w 


<~ 


~ 


~ 


~x 


~ 


C, Salmon L, Smith PG, Voelz Gl and 
Wiggs LD (1995): Effects of low doses and 
low dose rates of external ionizing radiation: 
cancer mortality among nuclear industry 
workers in three countries. Radiat Res, 
142:117-132. 

Ashmore JP, Krewski D, Zielinski JM, 
Jiang H, Semenciw R and Band PR (1998): 
First analysis of mortality and occupational 
radiation exposure based on the National Dose 
Registry of Canada. Am J Epidemiol, 148:564- 
574. 

Vrijheid M, Cardis E, Ashmore P, Auvinen 
A, Bae J-M, et al. (2007): Mortality from 
diseases other than cancer following low doses 
of ionizing radiation: results from the 15- 
Country Study of nuclear industry technicians. 
Int J Epidemiol, 36:1126—1135. 

Eissner G,Kohlhuber F, Grell MU, effing 
M, Scheurich P, Hieke A, Multhoff G 
Bornkamm GW and Holler E (1995): 
Critical involvement of transmembrane tumor 
necrosis factor-a in endothelial programmed 
cell death mediated by ionizing radiation and 
bacterial endotoxin. Blood, 86 (11) 4184-4193. 
Lindner F, Holler E, Ertl B, Multhoff G, 
Schreglmann M, Klauke I, Schultz-Hector 
S, and Eissner G (1997): Peripheral Blood 
Mononuclear Cells Induce Programmed Cell 
Death in Human Endothelial Cells and May 
Prevent Repair: Role of Cytokines. Blood, 
89(6) 1931-1938. 

Dignat-George F and Sampol J (2000): 
Circulating endothelial cells in vascular 
disorders: new insights into an old concept. 
Eur J Haematol, 65:215-220. 


Woywodt A, Streiber F, De Groot K, 


Regelsberger H, Haller H and Haubitz M 
(2003): Circulating endothelial cells as 
markers for ANCA-associated small vessel 
vasculitis. Lancet, 361:206-210 

McNamee JP, Flegal FN, Greene HB, 
Marro L, Wilkins RC (2009): Validation of 
the cytokinesis-block micronucleus (CBMN) 
assay for use as a triage biological dosimetry 
tool. Radiat Prot Dosimetry, 135(4):232-242 
Fabry A, Leonard A and Wambrisie A 
(1985): Induction of chromosome aberration in 
human lymphocytes by low doses of ionizing 
radiations of different quality. Rad. Res., 103: 
122. 

Evans H, Bucton K, Hamilton G and 
Carothers A (1979): Radiation induced 
chromosome aberrations in nuclear- dockyards 
workers. Nature, 227: 521. 

Leonard A, Knut G, Leonard E and Decal 
G (1984). Chromosome aberrations in 
employees from fossil feuled and nuclear 
power plants. Mut. Res, 138: 205. 

Lloyd D, Purrot J and Reeder E (1980): The 
incidence of unstable chromosome aberrations 


w 


~w 


<~ 


~ 


e 


Tawfik M.S. et al 


54) in peripheral blood lymphocytes from un- 


irradiated and accupationally exposed people. 
Mut. Res, 72 :527. 

Cho YH, Kim YJ, An YS, Woo HD, Choi 
SY, Kang CM and Chung HW (2009): 
Micronucleus-centromere assay and DNA 
repair gene polymorphism in lymphocytes of 
industrial radiographers. Mutat Res,680(1- 
2):17-24. 

Korraa S, Abdel Meguid S, Khalil R et al 
(2010): Markers of Apoptosis and 
Lymphocytes Subtypes among Persons 
Occupationally Exposed to X-Rays in Cardiac 
Catheterization Units. In: Rapid Diagnosis in 
Populations at Risk from Radiation and 
Chemicals. Cebulska-Wasilewska A et 
al.(eds.) IOS Press, 73: 123-131. 

Economides S, Tritakis P, Papadomarkaki 
E, Carinou E, Hourdakis C, Kamenopoulou 
V, Dimitriou P (2006): Occupational 
exposure in Greek industrial radiography 
laboratories (1996-2003). Radiat Prot 
Dosimetry. 118(3):260-264 

Ilyenko I, Lyaskivska O and Bazyka D 
(2011): Analysis of relative telomere length 
and apoptosis in humans exposed to ionising 
radiation. Exp Oncol, 33(4):235-238. 
Ponomaryov T, Peled A, Petit I, Taichman 
RS, Habler L, Sandbank J, Arenzana- 
Seisdedos F, Magerus A, Caruz A, Fujii N, 
Nagler A, Lahav M, Szyper-Kravitz M, 
Zipori D, Lapidot T (2000): Induction of the 
chemokine stromal-derived factor-1 following 
DNA damage improves human stem cell 
function. J Clin Invest, 106(11):1331-1339. 
Chang CC, Lerman OZ, Thanik VD, Scharf 
CL, Greives MR, Schneider RJ, Formenti 
SC, Saadeh PB, Warren SM, Levine JP 
(2009): Dose-dependent effect of radiation on 
angiogenic and angiostatic CXC chemokine 


w 


xw 


~ 


~w 


~ 


~ 


expression in human endothelial cells. 
Cytokine,48(3):295-302. 

Kucia M, Reca R, Miekus K, Wanzeck J, 
Wojakowski W, Janowska- Wieczorek A, 
Ratajczak J and Ratajczak M (2005): 
Trafficking of normal stem cells and 
metastasis of cancer stem cells involve similar 
mechanisms: Pivotal role of SDF- 1-CXCR4 
axis. Stem Cells, 23:879-894. 

Heissig B, Rafii S, Akiyama H, Ohki Y, Sato 
Y, Rafael T, Zhu Z, Hicklin DJ, Okumura 
K, Ogawa H, Werb Z and Hattori K (2005): 
Low-dose irradiation promotes tissue 
revascularization through VEGF release from 
mast cells and MMP-9-mediated progenitor 
cell mobilization. J Exp Med, 19;202(6):739- 
50. 

Lerman OZ, Greives MR, Singh SP, Thanik 
VD, Chang CC, Seiser N, Brown DJ, 
Knobel D, Schneider RJ, Formenti SC, 
Saadeh PB and Levine JP(2010): Low-dose 
radiation augments vasculogenesis signaling 
through HIF-1l-dependent and -independent 
SDF-1 induction. Blood,116(18):3669-3676. 
Ceradini DJ, Kulkarni AR, Callaghan MJ 
et al (2004): Progenitor cell trafficking is 
regulated by hypoxic gradients through HIF-1 
induction of SDF-1. Nat Med, 10: 858-864. 
Boreham DR, Gale KL, Maves SR, Walker 
JA and Morrison DP (1996): Radiation- 
induced apoptosis in human lymphocytes: 
potential as a biological dosimeter. Health 
Physics, 71:685—691. 

Vral A, Cornelissen M, Thierens H, Louagie 
H, Philippe J, Strijckmans K and De Ridder 
L (1998): Apoptosis induced by fast neutrons 
versus 60 Co gamma-rays in human peripheral 
blood lymphocytes. Int J Radiat Biol, 
73(3):289. 


